We previously showed the requirement of both T cells and gamma interferon (IFN-␥)-producing non-T cells
Toxoplasma gondii, an obligate intracellular protozoan parasite, forms cysts and establishes a latent chronic infection preferentially in the brain after the replication of tachyzoites in various organs during the acute stage of infection. Chronic infection with this parasite is likely the most common infection in humans. The requirement for the immune system to maintain the latency of persistent infection is clearly evident from the reactivation of the infection in immunocompromised individuals, which results in the development of life-threatening toxoplasmic encephalitis (TE) (18, 44) . Murine models have been used to analyze the mechanisms of host resistance to TE. C57BL/6 (H-2 b ) and CBA/Ca (H-2 k ) mice have often been used for these studies (9, 13, 16, 32, 46) . However, these strains of mice are genetically susceptible and spontaneously develop progressive and ultimately fatal TE (4, 33, 34) . In contrast to these susceptible strains, genetically resistant strains (e.g., BALB/c [H-2 d ] mice) are able to control T. gondii infections in their brains and develop a latent chronic infection, as do immunocompetent humans (4, 33, 34) . Therefore, these strains of mice appear to be a suitable model for analyzing the mechanisms of host resistance that maintain a chronic infection and prevent TE.
We have developed a murine model of reactivation of T. gondii infection in the brain, using infected, sulfadiazinetreated BALB/c-background gamma interferon (IFN-␥) knockout (IFN-␥ Ϫ/Ϫ ) and athymic nude mice (21, 35) . Our recent studies with these animal models demonstrated the requirement of both T cells and IFN-␥-producing non-T cells in the brain for prevention of the reactivation of infection and the development of TE (21) . However, the function(s) of T cells that is important for this resistance still needs to be defined. In collaboration with IFN-␥-producing non-T cells, a function(s) of T cells other than IFN-␥ production may play a critical role in resistance. The cytotoxic activity of T cells (15, 22, 31) may be a function that is crucial for the prevention of TE. In relation to this, Denkers et al. (10) reported that the cytotoxic activity mediated by perforin plays a limited role in the resistance to T. gondii infection in C57BL/6 mice which are genetically susceptible to TE. However, it is possible that the cytotoxic activity of T cells plays a more critical role in the prevention of TE in genetically resistant BALB/c than in sus-ceptible C57BL/6 mice and hence that BALB/c mice are resistant to TE. It is also possible that IFN-␥ production by T cells, in addition to IFN-␥ production by non-T cells, is required for the prevention of TE since IFN-␥ has been shown to play a central role in controlling T. gondii in the brain (12, 32, 35 ). An unrecognized function(s) of T cells may also be critical for the prevention of TE.
In the present study, we investigated the role of IFN-␥ production and the perforin-mediated cytotoxic activity of T cells in the prevention of reactivation of chronic infections with T. gondii in the brains of genetically resistant BALB/c mice. We found that IFN-␥ production by T cells is essential for resistance to control the parasite in the brain and that the cytotoxic activity is dispensable for protective activity.
MATERIALS AND METHODS
Mice. Female BALB/c-background IFN-␥ Ϫ/Ϫ , athymic nude, and wild-type BALB/c mice were obtained from The Jackson Laboratory (Bar Harbor, Maine). Female Swiss-Webster mice were obtained from Taconic (Germantown, N.Y). BALB/c-background perforin knockout (PO) mice (43) were kindly provided by John T. Harty (University of Iowa, Iowa City) and were bred in our animal facility. Females were used for all studies. All mice were housed under specificpathogen-free conditions and were 8 to 12 weeks old when used. There were four to six mice in each experimental group.
Infection with T. gondii. Cysts of the T. gondii ME49 strain were obtained from brains of Swiss-Webster mice that had been infected intraperitoneally with 10 cysts for 2 to 3 months. The mice were euthanized by asphyxiation with CO 2 , and their brains were removed and triturated in phosphate-buffered saline (pH 7.2) (37). An aliquot of the brain suspension was examined for numbers of cysts, and after appropriate dilution of the aliquot in phosphate-buffered saline, all animals were infected with 10 cysts perorally by gavage. Mice were treated with sulfadiazine in their drinking water (400 mg/liter) beginning 4 days (for IFN-␥ Ϫ/Ϫ mice) or 7 days (for nude, PO, and wild-type BALB/c mice) after infection for 3 to 4 weeks. In some experiments, PO and wild-type mice did not receive sulfadiazine after infection.
Purification and transfer of immune T cells. Four or 5 weeks after infection, spleen cells were obtained from three or four IFN-␥ Ϫ/Ϫ , PO, and wild-type mice, suspended in Hanks' balanced salt solution (Irvine Scientific, Santa Ana, Calif.) with 2% fetal bovine serum (Sigma Chemical Co., St. Louis, Mo.), and pooled within the same groups. The total T-cell population was purified by treating the spleen cells with magnetic bead-conjugated anti-mouse CD4 (GK1.5) and antimouse CD8 (53-6.7) monoclonal antibodies (Miltenyi Biotec, Auburn, Calif.) (21) . The purity of the T cells in each of the purified preparations was Ͼ95%. A total of 10 7 T cells were injected intravenously into a tail vein in recipient nude mice 9 and 2 days before the discontinuation of treatment with sulfadiazine.
Culture of T and spleen cells and detection of IFN-␥ in culture supernatants. T cells were purified (as described above) from the spleens of nude mice that survived for 90 days after the discontinuation of sulfadiazine treatment. T cells were also purified from the spleens of PO and wild-type mice 6 months after infection. Culturing of the purified T and spleen cells with T. gondii antigens (Ags) was performed as previously described (5) . Briefly, the cells were suspended in RPMI 1640 (Sigma Chemical Co.) with 10% fetal bovine serum (HyClone, Logan, Utah), penicillin (100 U/ml), and streptomycin (100 g/ml), placed into flat-bottomed 96-well plates (Costar, Cambridge, Mass.) at a cell density of 4 ϫ 10 5 per well, and incubated with or without soluble T. gondii lysate Ags (20 g/ml) in a final volume of 200 l per well for 72 h. Thereafter, the culture plates were centrifuged and the culture supernatants were collected. The concentration of IFN-␥ in the culture supernatants was measured by an enzymelinked immunosorbent assay using monoclonal antibodies against IFN-␥ (R4-6A2 as a capture antibody and XMG1.2 as a secondary antibody) (PharMingen, San Diego, Calif.), as described previously (39) .
Histopathology. When nude mice in the experimental groups developed clinical signs of illness after the discontinuation of sulfadiazine treatment, the animals were euthanized (5 or 6 days after discontinuation of the treatment). Their brains were removed and immediately fixed in a solution containing 10% Formalin, 70% ethanol, and 5% acetic acid. When the nude mice in experimental groups did not develop clinical signs of illness after the discontinuation of treatment with sulfadiazine, the animals were euthanized for a histopathology study of the brains 90 days after the discontinuation of treatment. Two to four 5-m-thick sagittal sections (50 or 100 m between sections) of the brain from each mouse were stained with hematoxylin and eosin. Immunoperoxidase staining with rabbit anti-Toxoplasma immunoglobulin G (IgG) was used for the detection of tachyzoites (8) . Sections stained with hematoxylin and eosin were evaluated for inflammatory changes. Sections stained by the immunoperoxidase method were evaluated for numbers of inflammatory areas associated with tachyzoites. The sections stained by the immunoperoxidase method were also used to evaluate the numbers of T. gondii cysts in the brain when no acute inflammatory changes were observed. The mean value from these sections for each mouse was calculated as the number per section. These values were used for statistical analyses to compare differences between groups.
Semiquantitative reverse transcription-PCR for detection of mRNA for IFN-␥. Ninety days after the discontinuation of sulfadiazine treatment, RNA was isolated from the brains of infected nude mice by the use of RNA STAT-60 (TEL-TEST "B," Inc., Friendswood, Tex.) according to the manufacturer's instructions. cDNA was synthesized from the RNA as described previously (33, 39) . PCR for ␤-actin and IFN-␥ was performed with 5 l of the original cDNA reaction mixture with a Mastercycler 5333 (Eppendorf AG, Hamburg, Germany) for 30 cycles to produce an amount of DNA within a linear range, as described previously (33, 39) . This number of cycles was determined by preliminary studies using different amounts of sample cDNA. Specific primers for ␤-actin and IFN-␥ designed to span at least one intron allowed for the differentiation of amplified target DNA derived from either cDNA or genomic DNA in the PCR.
The homology of PCR products to the predicted transcript sequence was examined by Southern blot analysis (33, 39) . Ten-microliter aliquots of the final PCR mixtures were electrophoresed at 100 V for 1 h in a 1.5% agarose gel and then were denatured. The DNA was then transferred to a Duralon-UV membrane (Stratagene, La Jolla, Calif.) by a standard blotting procedure (29) and was UV cross-linked. Oligonucleotide probes for ␤-actin and IFN-␥ which hybridized to the PCR products wholly within the region amplified by the primers were end labeled as described for a 3Ј end labeling and signal amplification system, and hybridization was detected by scanning of the membranes with an Image Station 440 CF instrument (Eastman Kodak Company, Rochester, N.Y.) as described previously (38) . The quantification of mRNA was performed by a densitometry analysis with the Image Station, and values were normalized to the ␤-actin level.
Statistical analysis. Levels of significance for numbers of areas associated with tachyzoites, cyst numbers in the brain, and the amounts of IFN-␥ in the culture supernatants were determined by Student's t test, the alternate Welch t test, or the Wilcoxon rank sum test. The alternative Welch t test was applied when standard deviations were significantly different between the tested groups. The Wilcoxon rank sum test was applied when the standard deviation was zero. Levels of significance for mortality in mice were determined by Fisher's exact test. Differences which provided P values of Ͻ0.05 were considered significant.
RESULTS

Effect of adoptive transfer of T cells from IFN-␥
؊/؊ mice on mortality and development of TE in infected athymic nude mice. We previously reported that non-T cells which produce IFN-␥ and T cells are both required for the genetic resistance of BALB/c mice to prevent the development of TE (21) . To analyze whether IFN-␥ production by T cells, in addition to that by non-T cells, is required for this resistance, we purified immune T cells from spleens of infected IFN-␥ Ϫ/Ϫ and wildtype mice and injected the purified cells (10 7 ) intravenously into infected, sulfadiazine-treated athymic nude mice. As shown previously (21) , the infected nude mice had IFN-␥-producing non-T cells in their brains. Adoptive transfer of the immune T cells was performed 9 and 2 days before the discontinuation of sulfadiazine treatment. Control nude mice that had not received the cell transfer all died within 10 days after the discontinuation of sulfadiazine treatment (Fig. 1A) . The animals that had received T cells from wild-type donors all survived (Fig. 1A) . In contrast, nude mice that had received T cells from IFN-␥ Ϫ/Ϫ mice all died as early as the control animals that had not received the cell transfer (P Ͻ 0.01 when compared to wild-type T-cell recipients) (Fig. 1A) . Histological studies performed 5 or 6 days after the discontinuation of (Fig. 1B and 2A ). In contrast, no such areas were observed in the brains of nude mice that had received wild-type T cells when they were examined in the same manner as the animals in the other groups (P Ͻ 0.05 when compared to either IFN-␥ Ϫ/Ϫ T-cell recipients or controls without cell transfer) (Fig. 1B) .
Effect of adoptive transfer of T cells from PO mice on mortality and development of TE in infected athymic nude mice. Next, we examined whether the perforin-mediated cytotoxic activity of T cells also plays an important role in the prevention of TE. For this purpose, purified immune T cells (10 7 ) from infected PO and wild-type mice were transferred to infected, sulfadiazine-treated nude mice. Most animals that had received T cells from wild-type mice survived until the end of the observation period (90 days after the discontinuation of sulfadiazine treatment) (Fig. 3A) . Nude mice that had received T cells from PO animals also all survived after the discontinuation of sulfadiazine treatment, whereas control nude mice that had not received any T cells all died within 10 days after the discontinuation of sulfadiazine (P Ͻ 0.01) (Fig. 3A) . Histological studies performed at the end of the observation period revealed no inflammatory changes or only a mild infiltration of inflammatory cells in limited areas in the brains of nude mice that had received immune T cells from either PO or wild-type animals ( Fig. 2B and 3B) . No inflammatory areas associated with tachyzoites were observed in the brains from these groups of mice. In contrast, large numbers of areas associated with tachyzoites were observed in the brains of control nude mice without cell transfer when they developed clinical signs of illness (P Ͻ 0.05 when compared to animals that received either PO T cells or wild-type T cells).
Comparison of IFN-␥ production between splenic T cells obtained from nude mice that received immune T cells from PO or wild-type donors. Ninety days after the discontinuation of sulfadiazine treatment, T cells were purified from the spleens of nude mice that had received immune T cells from PO or wild-type animals. These were the groups of animals that prevented TE and survived until the time that the study was performed (Fig. 3A) . The T cells were then stimulated with tachyzoite Ags in vitro to evaluate their IFN-␥ production. Because nude mice originally lacked T cells before the cell transfer, the T cells purified from the recipient animals were all of donor origin. T cells obtained from the animals that had received PO T cells produced large amounts of IFN-␥ when they were stimulated with Ags (Fig. 4) . The amounts of IFN-␥ produced by these T cells did not differ from those produced by T cells obtained from nude mice that had received immune T cells from wild-type animals (Fig. 4) .
Comparison of IFN-␥ expression in brains of nude mice that received immune T cells from PO and wild-type donors.
The amounts of mRNA for IFN-␥ in the total RNA fractions obtained from the brains of nude mice that had received immune T cells from PO mice and from those that had received wildtype T cells were measured by reverse transcription-PCR 90 days after the discontinuation of sulfadiazine. Large amounts of IFN-␥ mRNA were detected in the brains for these two groups of animals (Fig. 5) , and the amounts of mRNA did not differ between these animals (IFN-␥/␤-actin ratio, 0.271 Ϯ 0.077 for PO T-cell recipients and 0.183 Ϯ 0.041 for wild-type T-cell recipients; P ϭ 0.091). Without cell transfer, only small amounts of mRNA for this cytokine were detectable in the brains of infected nude mice when they were treated with sulfadiazine ( Fig. 5 ) (IFN-␥/␤-actin ratio, 0.040 Ϯ 0.012; P Ͻ
FIG. 3. Mortality (A) and development of TE (B) in T. gondiiinfected, sulfadiazine-treated athymic nude mice with adoptive transfer of immune T cells from infected PO or wild-type BALB/c mice.
Athymic nude mice were infected with 10 cysts of the ME49 strain perorally and were treated with sulfadiazine for 3 weeks, beginning 7 days after infection. Nine and 2 days before the discontinuation of sulfadiazine treatment, mice received an intravenous injection of 10 7 immune T cells from infected wild-type or PO mice (see Materials and Methods). Histological studies were performed 90 days after the discontinuation of treatment with sulfadiazine. For control animals without cell transfer, the histological studies were done 6 or 7 days after discontinuation of the treatment. Two to four sagittal sections (distance between sections, 50 m) were stained with an immunoperoxidase stain by using rabbit anti-Toxoplasma IgG and were evaluated for the numbers of areas of inflammation associated with tachyzoites. The mean value from these sections for each mouse was calculated as the number per section. These values are shown in the figure and were used for statistical analysis to compare differences between groups. The data shown are representative of two separate experiments. There were four to six mice in each experimental group in each experiment. Mortality and histological changes in the brain in PO mice after infection without treatment with sulfadiazine. PO and wild-type mice were infected with 10 cysts, and their mortality was monitored for 6 months. All animals in both groups survived until the end of the observation period (Fig. 6A) . Histological studies performed at the end of the observation period revealed no inflammatory changes or only a mild infiltration of inflammatory cells in limited areas of the brain, mainly the meninges, for both PO and wild-type animals. In addition, there were no inflammatory areas associated with tachyzoites in the brains of both groups of animals. The numbers of cysts observed in the brains were small for both groups of animals, and there were no differences in cyst numbers (number of cysts/sagittal section, 0.33 Ϯ 0.47 for wild-type controls [n ϭ 4] and 0.58 Ϯ 0.56 for PO mice [n ϭ 4]).
Comparison of IFN-␥ production by T cells and spleen cells in infected PO and wild-type mice. T cells and spleen cells were obtained from PO and wild-type mice 6 months after infection and then were stimulated with tachyzoite Ags in vitro for an evaluation of their IFN-␥ production. Large amounts of IFN-␥ were detected in the culture supernatants of T cells from both groups of animals, and there were no differences in the amounts of cytokine detected between these groups (Fig. 6B) . In contrast, the amounts of IFN-␥ in the culture supernatants of spleen cells were twice as large in the cells obtained from PO mice than in those obtained from wild-type animals (P Ͻ 0.02) (Fig. 6B) . The relative percentages of T cells in total spleen cells, calculated by the numbers of T cells purified, did not differ between these groups of mice (data not shown).
DISCUSSION
We investigated the functions of T cells that are required for the genetic resistance of BALB/c mice against the reactivation of chronic infection with T. gondii in the brain. Our previous studies demonstrated the requirement of both T cells and IFN-␥-producing non-T cells for this resistance (21) . The present study reveals that IFN-␥ production by T cells, in addition to non-T cells, is essential for maintaining the latency of chronic infection and for preventing TE. The adoptive transfer of immune T cells from infected IFN-␥ Ϫ/Ϫ mice failed to prevent the development of TE and mortality in infected, sulfadiazine-treated athymic nude mice which originally had IFN-␥-producing non-T cells. Their development of the disease and mortality occurred as early as 1 week after the discontinuation of sulfadiazine treatment. In contrast to the lack of protective activity of IFN-␥ Ϫ/Ϫ immune T cells, the adoptive transfer of immune T cells from infected PO mice prevented TE and mortality in recipient nude mice, as did the transfer of immune T cells from wild-type BALB/c mice. It has been reported that T. gondii infection induces cytotoxic T cells that lyse infected host cells (15, 22, 31) . However, the results of the present study clearly demonstrate that the perforin-mediated cytotoxic activity of T cells is not required to prevent the reactivation of a chronic infection with this parasite in the brain.
T cells obtained from the spleens of nude mice that had received PO immune T cells produced large amounts of IFN-␥ which were equivalent to those produced by T cells obtained from animals that had received wild-type immune T cells. These results indicate that a lack of perforin-mediated cytotoxicity in T cells did not affect their IFN-␥ production in response to T. gondii. This was further supported by the evidence that IFN-␥ mRNA expression did not differ in brains from the two groups of mice that had received either PO or wild-type immune T cells. This unimpaired ability of PO T cells to produce IFN-␥ is likely the reason for their potent protective activity for the prevention of TE. Our findings are consistent with the results of others showing an unimpaired production of IFN-␥ by PO lymphocytes when they are stimulated by allogeneic spleen cells (23) . We previously reported that the adoptive transfer of either CD4 ϩ or CD8 ϩ T cells prevented the development of TE in infected, sulfadiazine-treated nude mice (21) . Therefore, IFN-␥ production by both CD4 ϩ and CD8 ϩ T cells likely contributes to this resistance. The contribution of both CD4 ϩ and CD8 ϩ T cells to resistance against T. gondii in the brain was also suggested in a T-cell depletion study in C57BL/6 mice that were genetically susceptible to TE (12) .
Nude mice that had received T cells from PO mice lacked perforin-mediated cytotoxic activity of T cells, but not that of NK cells. In the present study, in addition to nude mice with cell transfer, PO mice did not develop TE and all survived, as did wild-type animals, for 6 months after infection. PO mice lack perforin-mediated cytotoxic activity in both T and NK cells. These results indicate that the perforin-mediated cytotoxic activity of not only T, but also NK, cells is not required for the genetic resistance of BALB/c mice against the development of TE. This is in contrast to the results with C57BL/6 (susceptible to TE)-background PO mice that were previously reported by Denkers et al. (10) , in which accelerated mortality was observed during the chronic stage of infection. In addition, the number of T. gondii cysts in the brain did not differ between BALB/c-background PO and wild-type mice in the present study, whereas a three-to fourfold increase in cyst numbers was reported for C57BL/6-background PO mice (10) . Therefore, it appears that the role of perforin in resistance against T. gondii differs between these two strains of mice. Furthermore, because differences in mortality between these two strains of mice were notable for both PO and wild-type animals, it is likely that perforin-mediated cytotoxic activity does not play a major role in regulating the genetic resistance of mice to chronic infection with T. gondii and the development of TE.
In regard to the increased number of brain cysts in C57BL/ 6-background PO mice (10), it would be possible that perforinmediated cytotoxicity played an important protective role during the acute stage of infection, although no mortality in mice was noted during that period of time. The lack of perforinmediated cytotoxicity during the acute stage may have resulted in an accelerated proliferation of tachyzoites in various organs and the formation of larger numbers of cysts in the brain. Such increased parasite loading in the brain could have contributed to the accelerated mortality in the later stage of infection, since C57BL/6 mice are genetically susceptible to the development of TE during this stage. In relation to a possible role of the cytotoxic activity of T cells during the acute stage of infection, it has been shown that the perforin-mediated lysis of tachyzoite-infected cells in vitro does not kill the intracellular parasite and results in the release of viable tachyzoites (45) . It is possible that these released tachyzoites are effectively killed, at least in part, by antibody-dependent complement-mediated cytolysis (36) and antibody-mediated phagocytosis by macrophages (2) .
In the present study, IFN-␥ production by T cells did not differ between infected BALB/c-background PO and wild-type mice during the late stage of infection. These results are consistent with our findings for T cells obtained from nude mice that received T cells from infected PO and wild-type animals. In contrast, IFN-␥ production by spleen cells was significantly higher in infected PO than wild-type mice, although the relative percentages of T cells in total spleen cells did not differ between these mice. These results strongly suggest that the lack of perforin-mediated cytotoxic activity resulted in the upregulation of IFN-␥ production by non-T cells in the PO mice, whereas the ability of T cells to produce IFN-␥ was not altered by the deficiency. Since NK cells have been shown to produce this cytokine in response to T. gondii infection (14, 17) , it is possible that NK cells contribute to the upregulated production of IFN-␥ by total spleen cells in PO mice. This upregulated IFN-␥ production by non-T cells might have played an important role in compensating for the lack of perforin-mediated cytotoxic activity in controlling T. gondii in these animals. Interestingly, it was reported that in C57BL/6-backround PO mice, IFN-␥ production by spleen cells does not differ from that of wild-type mice (10) . As mentioned earlier, accelerated mortality and increased numbers of T. gondii cysts were observed in these PO mice (10) . Therefore, the presence or absence of upregulation of IFN-␥ production by non-T cells may have contributed to the differences in the outcome of infection in PO mice from these two different genetic backgrounds.
With regard to the effector mechanisms of IFN-␥-mediated resistance to control T. gondii during the chronic stage of infection, an involvement of tumor necrosis factor (TNF) receptor p55, inducible nitric oxide synthase, and IFN-␥-induced GTPase has been demonstrated in C57BL/6-background mice (6, 30) . It is still unknown whether the effector mechanisms of IFN-␥-mediated resistance in genetically resistant BALB/c mice differ from those in susceptible C57BL/6 mice.
The perforin-mediated cytotoxic activity of T cells is known to play important roles in resistance to many intracellular pathogens (7, 20, 24, 28, 41, 43) . On the other hand, it has been shown that the protective activity of T cells for clearing out viruses from the brain is noncytolytic and IFN-␥ dependent (25) . This strategy for the clearance of virus infections without lysing infected cells is probably due to the limited capability for tissue renewal in the brain (26, 27) . The present study demonstrated that the protective activity of T cells to control T. gondii in the brain in genetically resistant BALB/c mice is noncytolytic and IFN-␥ dependent. IFN-␥ has been shown to play an important role in the resistance of the brain against infections with many intracellular microorganisms, such as bacteria (19, 42) , a fungus (1), and a protozoan parasite (11) other than T. gondii, in addition to viruses (3, 25, 40) . Our results for T. gondii-infected mice may suggest that IFN-␥-mediated, noncytolytic mechanisms are a strategy of T cells that is widely applied for controlling both viral and nonviral intracellular pathogens in the brain without developing tissue damage.
